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In order to investigate the electronic state of Ce-free and Ce-underdoped high-Tc cuprates
with the so-called T’ structure, we have performed muon-spin-relaxation (µSR) and specific-heat
measurements of Ce-free T’-La1.8Eu0.2CuO4+δ (T’-LECO) polycrystals and Ce-underdoped T’-
Pr1.3−xLa0.7CexCuO4+δ (T’-PLCCO) single crystals with x = 0.10. The µSR spectra of the re-
duced superconducting samples of both T’-LECO with Tc = 15 K and T’-PLCCO with x = 0.10
and Tc = 27 K have revealed that a short-range magnetic order coexists with the superconduc-
tivity in the ground state. The formation of a short-range magnetic order due to a tiny amount
of excess oxygen in the reduced superconducting samples strongly suggest that the Ce-free and
Ce-underdoped T’-cuprates are regarded as strongly correlated electron systems.
In the history of the research of high-temperature
superconductivity, enormous efforts have been paid to
the establishment of the phase diagram of both hole-
doped and electron-doped cuprates. For hole-doped
La2−xSrxCuO4 with the K2NiF4 (the so-called T) struc-
ture, it is well known that the antiferromagnetic (AF) or-
der in the Mott-insulating state of the parent compound
is destroyed by only 2% doping of holes and supercon-
ductivity sets in at x = 0.05 − 0.06. It is also well rec-
ognized that the Cu-spin correlation, which is believed
to be crucial for the appearance of the superconductiv-
ity, is characterized by incommensurate magnetic peaks
in the elastic/inelastic neutron scattering [1] relating to
the so-called spin-charge stripe order. [2] For electron-
doped Nd2−xCexCuO4 (NCCO) with the Nd2CuO4 (the
so-called T’) structure, it has widely been believed that
the AF order is formed in the underdoped regime of
x < 0.14. [3] Inelastic neutron-scattering experiments
have revealed that the commensurate Cu-spin correla-
tion relating to the simple AF order is developed in the
electron-doped T’-cuprates. [4] One of characteristics of
the electron-doped T’-cuprates is that as-grown samples
contain excess oxygen more or less at the apical site. The
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excess oxygen is understood to induce disorder of the
electrostatic potential in the CuO2 plane, leading to the
destruction of Cooper pairs. [5] Therefore, the removal
of excess oxygen from as-grown samples is crucial for the
appearance of superconductivity and the investigation of
intrinsic properties of the T’-cuprates.
Formerly, a surprising result has come out in thin films
of T’-cuprates in which superconductivity appears with-
out doping of electrons. [6] This has been followed by a
result using T’-NCCO thin films that the superconduct-
ing (SC) transition temperature, Tc, of ∼ 28 K at Ce-free
x = 0 decreases monotonically with increasing x and dis-
appears at x ∼ 0.20. [7] The superconductivity in the
parent compounds of the T’-cuprates has also been con-
firmed using polycrystalline samples. [8, 9] These findings
have been brought about through the removal of excess
oxygen from as-grown samples more effectively than that
ever reported. These results have provided following two
messages; (i) the newly proposed phase diagram with-
out the AF phase is completely different from the former
one, and (ii) the AF Mott-insulating state might not be
in intimate relation with the superconductivity in the T’-
cuprates.
Related theoretical works on the electronic state in the
parent compounds of the T’-cuprates are roughly sorted
by the strength of the electron correlation. In the case
of weak electron correlation, a simple band-metal state
has been proposed, [10] while in strong electron corre-
lation, calculations based on the local-density approxi-
mation (LDA) combined with the dynamical mean-field
theory (DMFT) have revealed the possibility of the clos-
2ing of the so-called charge-transfer (CT) gap between the
upper Hubbard band (UHB) of the Cu 3dx2−y2 orbital
and the O 2pσ band observed in the T-cuprates. [11, 12]
In the case of moderate electron correlation, the appear-
ance of superconductivity due to doublons and holons
has been proposed. [13] Therefore, in order to understand
the novel SC state in the T’-cuprates, it is of significance
to investigate the Cu-spin correlation, because localized
Cu spins in the lower Hubbard band (LHB) of the Cu
3dx2−y2 orbital are generated and expected to correlate
with one another in the case of strong electron correla-
tion.
Recently, we have succeeded in obtaining SC single
crystals of Ce-underdoped T’-Pr1.3−xLa0.7CexCuO4+δ
(T’-PLCCO) with x = 0.10 through the improved reduc-
tion annealing. [14] The ab-plane and c-axis electrical re-
sistivities in magnetic fields have revealed that, through
the reduction annealing, the strongly localized state of
carriers accompanied by a pseudogap due to AF fluctua-
tions in the as-grown crystal changes to the Kondo state
without pseudogap in the SC crystal. The absence of
the AF pseudogap in the SC crystal has also been con-
firmed by the angle-resolved photoemission spectroscopy
(ARPES) measurements. [15] These results can be un-
derstood in terms of a band picture based on the strong
electron correlation. [14]
In order to investigate the Cu-spin correlation
in the T’-cuprates in detail, we have carried out
muon-spin-relaxation (µSR) measurements for both as-
grown non-SC and reduced SC samples of Ce-free
T’-La1.8Eu0.2CuO4+δ (LECO) polycrystals and Ce-
underdoped T’-PLCCO (x = 0.10) single crystals. It
has been found that the Cu-spin correlation is markedly
developed and a short-range magnetic order (SRMO) is
formed at low temperatures even in the reduced SC sam-
ples of T’-LECO and T’-PLCCO. Moreover, the esti-
mation of the magnetic and SC volume fractions from
µSR and specific heat has uncovered the coexistence of a
SRMO and superconductivity in the reduced SC samples.
The formation of a SRMO due to a tiny amount of excess
oxygen in the reduced SC samples strongly suggests that
the Ce-free and Ce-underdoped T’-cuprates are regarded
as strongly correlated electron systems.
Polycrystalline samples of T’-LECO were prepared by
the low-temperature technique using CaH2 as a reduc-
tant and subsequent annealing. [9] The SC samples were
obtained through the reduction annealing at 700oC for 24
h in vacuum. Single crystals of T’-PLCCO with x = 0.10
were prepared by the traveling-solvent floating-zone tech-
nique. [14] The SC crystals were obtained through the
improved reduction annealing at 800oC for 24 h in vac-
uum. [14] From the iodometric titration, the oxygen
content was confirmed to be reduced by 0.03 ± 0.01
through the reduction annealing for T’-PLCCO with
x = 0.10. The magnetic-susceptibility measurements us-
ing a SQUID magnetometer (Quantum Design, MPMS)
have revealed that Tc’s of T’-LECO and T’-PLCCO with
x = 0.10 are 15 K and 27 K, respectively.
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FIG. 1: (Color online) Zero-field µSR time spectra of (a)
as-grown non-SC and (b) 700oC-reduced SC samples of T’-
La1.8Eu0.2CuO4+δ. Solid lines indicate the best-fit results
using the analysis function: A(t) = A0e
−λ0tGZ(∆, t) +
A1e
−λ1t + A2e
−λ2tcos(ωt+ φ) + ABG. (c) Longitudinal-field
µSR time spectra at 1.6 K of 700oC-reduced SC samples of
T’-La1.8Eu0.2CuO4+δ. Solid lines indicate the best-fit results
using the analysis function (see, the supplemental materials
A). (d) Temperature dependence of A0 normalized by the
value at 200 K in T’-La1.8Eu0.2CuO4+δ. Solid lines are to
guide the readers’ eye.
Zero-field (ZF) and longitudinal-field (LF) µSR mea-
surements of T’-LECO were performed using a continu-
ous positive muon beam and the General-Purpose Spec-
trometer at the Paul-Scherrer Institute (PSI) in Switzer-
land. ZF- and LF-µSR measurements of T’-PLCCO were
performed using a pulsed positive muon beam at the
Material and Life Science Experimental Facility at the
J-PARC in Japan. Specific-heat measurements were car-
ried out in magnetic fields of 0 − 9 T by the thermal
relaxation method (Quantum Design, PPMS).
Figures 1(a) and (b) show the ZF-µSR time spectra
of as-grown non-SC and 700oC-reduced SC samples of
T’-LECO, respectively. For the spectra of the as-grown
sample, while Gaussian-like slow depolarizations due to
the nuclear dipole fields are observed at high temper-
atures, fast depolarizations and muon-spin precessions
appear at low temperatures, indicating the formation
of a long-range magnetic order. Taking a look at the
spectrum at 1.6 K, the muon-spin precession is strongly
damped, which is similar to that reported in reduced T’-
NCCO with x = 0 [3] and is different from that observed
in T-La2CuO4 with a less damped precession owing to
the coherent magnetic order. [16] These suggest that the
long-range AF order in the T’-cuprates is not so coher-
3ent throughout the sample. As for the spectra of the re-
duced SC sample, although the depolarization becomes
fast gradually with decreasing temperature due to the
development of the Cu-spin correlation, it is slower than
that of the as-grown sample. At 1.6 K, the spectrum
consists of a fast depolarization without precession and
a following time-independent behavior above 1 µs, which
is typical of a SRMO state. This is also corroborated by
the LF-µSR time spectra at 1.6 K shown in Fig. 1(c).
The spectra shift up in parallel with LF, which is typical
of a static magnetically ordered state. Therefore, it is
strongly suggested that the magnetic ground state of the
Ce-free reduced SC sample of T’-LECO is a SRMO.
The ZF spectra of T’-LECO were analyzed using
the function, A(t) = A0e
−λ0tGZ(∆, t) + A1e
−λ1t +
A2e
−λ2tcos(ωt + φ) + ABG. Here the first and second
terms correspond to fast and slowly fluctuating states of
Cu spins, respectively. The third term represents the
muon-spin precession. The A0, A1, A2 and λ0, λ1 are ini-
tial asymmetries and depolarization rates of each com-
ponent, respectively. The GZ(∆, t) is the static Kubo-
Toyabe function with a half-width of the static internal
field at the muon site, ∆, describing the distribution of
the nuclear dipole field at the muon site. The λ2, ω and
φ are the damping rate, precession frequency and phase
of the precession, respectively. The ABG is due to the
temperature-independent background. It is found that
the magnetic-transition temperature, TN, defined at the
midpoint of the sharp change of A0 vs. temperature
shown in Fig. 1(d) is 39 K for the as-grown sample,
which is much lower than TN = 250 K for reduced T’-
NCCO with x = 0 [3] and TN = 115 K for reduced T’-
La2CuO4. [17] This is probably due to the small amount
of excess oxygen residing in the present as-grown sample
of T’-LECO. As for the reduced SC sample, TN is found
to be 20 K. The internal magnetic field at the muon
site, Bint, is directly estimated from ω in zero field as
ω = γµBint, where γµ is the gyromagnetic ratio of muon
spin (γµ/2pi = 13.55 MHz/kOe). In the SRMO state, it
is able to be estimated roughly from the LF-µSR spectra
shown in Fig. 1(c) (see the supplemental material A).
The estimated values of Bint at 1.6 K are 167 G and 39
G for the as-grown and reduced SC samples, respectively.
To be summarized, through the reduction annealing, the
long-range AF order changes to a SRMO with reduced
values of TN and Bint in T’-LECO.
In T’-PLCCO with x = 0.10, the ZF-µSR spectra of
the as-grown non-SC crystal exhibit muon-spin preces-
sions at low temperatures (see the supplemental mate-
rial B). As shown in Fig. 2(a), the spectra of the 800oC-
reduced SC crystal show that the muon-spin depolariza-
tion becomes fast with decreasing temperature due to
the development of the Cu-spin correlation. Even at 3
K, however, both of fast and slow depolarizations with-
out muon-spin precession are observed. Focusing on the
spectra in the long-time region, it is found that the asym-
metry recovers with decreasing temperature below 50 K,
which is analogous to the recovery of the normalized
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FIG. 2: (Color online) (a) Zero-field and (b) longitudinal-
field µSR time spectra of the 800oC-reduced SC crystal of
T’-Pr1.3−xLa0.7CexCuO4+δ with x = 0.10. Solid lines in
(a) indicate the best-fit results using the analysis function:
A(t) = (A0e
−λ0t+A1e
−λ1t)e−σ
2t2/2+ABG. (c) Temperature
dependence of A0 normalized by the value at high temper-
atures in T’-Pr1.3−xLa0.7CexCuO4+δ with x = 0.10. Solid
lines are to guide the readers’ eye. (d) Magnetic-field de-
pendence of the residual electronic specific-heat coefficient in
the ground state, γ0, in the 800
oC-reduced SC crystal of T’-
Pr1.3−xLa0.7CexCuO4+δ with x = 0.10. The solid line in-
dicate the best-fit result using the function in proportion to
H lnH . [21]
asymmetry to 1/3 usually observed in static magnetically
ordered states.
The magnetic state at low temperatures is uncovered
by the LF-µSR spectra shown in Fig. 2(b). The spec-
tra change almost in parallel with increasing LF, which
is evidence for the formation of a static magnetic state.
Moreover, the spectra exhibit slow depolarizations even
in LF, suggesting the existence of fluctuating Cu spins.
Therefore, the LF-µSR results suggest the coexistence of
a static SRMO and dynamically fluctuating Cu spins in
the reduced SC crystal of T’-PLCCO with x = 0.10.
In the analysis of ZF-µSR spectra of the reduced SC
crystal of T’-PLCCO, the following multiple function
of exponential- and Gaussian-type was used, consider-
ing effects of small Pr3+ moments with the Gaussian
distribution in a crystal: [18, 19] A(t) = (A0e
−λ0t +
A1e
−λ1t)e−σ
2t2/2 +ABG. The first and second exponen-
tial components correspond to dynamically fluctuating
Cu spins and a SRMO, respectively. The Gaussian com-
ponent is due to small Pr3+ moments and nuclear spins,
both of which are dense and randomly distributed. Here
4σ is the distribution width of the dipole field at each
muon site. In the analysis of ZF-µSR spectra of the as-
grown non-SC crystal, the equation used for T’-LECO
was adopted. [20]
Figure 2(c) shows the temperature dependence of A0
normalized by the value at high temperatures for T’-
PLCCO with x = 0.10. The TN decreases from 203 K
of the as-grown crystal to 39 K of the 800oC-reduced
SC one, indicating that the reduction annealing progres-
sively weakens the static magnetic order. Taking a look
at the saturated values of A0 at the lowest temperatures,
A0 values of the as-grown and 650
oC-reduced crystals
are almost the same as each other, suggesting that the
volume fraction of the long-range AF ordered region is
almost 100% in both crystals. For the 800oC-reduced
crystal, the saturated value of A0 is apparently larger
than those of the other two crystals, and a rough esti-
mation in the 800oC-reduced crystal yields that volume
fractions of the SRMO and paramagnetic regions are 80%
and 20%, respectively.
The SC volume fraction is able to be roughly evalu-
ated from the electronic specific heat. The residual elec-
tronic specific-heat coefficient in the SC ground state, γ0,
which is proportional to the residual density of states at
the Fermi level, tends to increase with increasing mag-
netic field due to the generation of quasiparticles. Figure
2(d) shows the magnetic-field dependence of γ0 of the
800oC-reduced crystal. In ZF, γ0 is finite due to the pair-
breaking effect in a dirty d-wave superconductor, which
is confirmed by γ0 in proportion to H lnH shown in Fig.
2(d). [21] It is found that γ0 increases with increasing
field and is not saturated at 9 T, indicating that the
superconductivity is not completely suppressed at 9 T.
Therefore, it is suggested that the SC volume fraction is
at least 62 % in the 800oC-reduced crystal of T’-PLCCO
with x = 0.10 and that the superconductivity spatially
coexists with a SRMO.
The present ZF- and LF-µSR of Ce-free T’-LECO and
Ce-underdoped T’-PLCCO with x = 0.10 have revealed
that, through the reduction annealing, the long-range AF
order in the as-grown samples containing a large amount
of excess oxygen changes to a SRMO in the reduced
SC samples containing a tiny amount of excess oxygen.
It would be a reasonable speculation that an ideal T’-
cuprate in which the excess oxygen is completely removed
exhibits no AF order. The formation of a SRMO due
to a tiny amount of excess oxygen in the reduced SC
samples suggests that the Ce-free and Ce-underdoped
T’-cuprates are regarded as strongly correlated electron
systems. Therefore, not the proposed simple band-metal
state without strong electron correlation [10] but both
the doublon-holon model [13] and calculations using LDA
with DMFT [11, 12] under the moderate and strong elec-
tron correlation, respectively, would be able to explain
the superconductivity in the Ce-free and Ce-underdoped
T’-cuprates.
Here we discuss how the coexisting state of supercon-
ductivity and a SRMO is realized in a reduced SC sam-
FIG. 3: (Color online) (a) Band structure of an ideally fully
reduced sample of the parent compounds of the T’-cuprates.
(b)(c) Schematic drawings of electron and hole carriers and
Cu spins in the CuO2 plane in (b) reduced SC and (c) as-
grown non-SC samples of the parent compounds of the T’-
cuprates.
ple. As mentioned in the introduction, a band picture
based on the strong electron correlation has been pro-
posed, as schematically displayed in Fig. 3(a). [14] This
is characterized by the collapse of the CT gap due to the
reduction of the energy of the Cu 3dx2−y2 orbital owing
to the planer square coordination of oxygen around Cu
and the finite density of states of the Zhang-Rice singlet
band and UHB of the Cu 3dx2−y2 orbital at the Fermi
level. This gives rise to both mobile electrons and holes
in the CuO2 plane, leading to the appearance of the su-
perconductivity without nominal doping of carriers by
the Ce substitution, as illustrated in Fig. 3(b). On the
other hand, these carriers would be localized around the
excess oxygen because of the disorder of the electrostatic
potential in the CuO2 plane near the excess oxygen, re-
sulting in the development of the AF correlation of Cu
3dx2−y2 spins in LHB and therefore a SRMO is formed
around the excess oxygen. [22] In T’-LECO, as shown in
Fig. 3(b), the most part of the CuO2 plane would be
covered by the SRMO region and the superconductivity
would appear around the boundary between SRMO re-
gions. In T’-PLCCO with x = 0.10, due to the amount of
excess oxygen smaller than that of T’-LECO, the SRMO
region decreases in correspondence to the increase in the
SC volume fraction. As for the as-grown non-SC sam-
ples of T’-LECO and T’-PLCCO with x = 0.10 including
excess oxygen more than the reduced SC samples, carri-
ers are strongly localized, as confirmed by the electrical-
resistivity measurements, [14] and the AF order is long-
ranged as illustrated in Fig. 3(c). Accordingly, it is sug-
gested that a SRMO is formed around the excess oxygen
and the superconductivity appears far from the excess
oxygen.
The magnetic and SC volume fractions estimated have
indicated the presence of spatially coexisting SRMO and
SC regions in the reduced SC samples. This kind of
spatial coexistence has been observed in so-called multi-
layered high-Tc cuprates [23] and the iron-arsenide super-
conductor LaFeAsO1−xFx. [24] In the present reduced
5SC samples, a part of the SRMO region appears to be
spatially overlapped with the SC region, but it is possi-
ble that the SRMO and SC regions are phase-separated,
because the volume fraction of SRMO might be overesti-
mated due to electronic dipole fields being extended into
the paramagnetic SC region.
Recent ARPES experiments by Horio et al. [15] using
our reduced SC crystals of T’-PLCCO with x = 0.10 have
provided an intriguing result in relation to a SRMO. The
AF pseudogap has been found to be closed on the whole
Fermi surface, which is contrary to the former ARPES
results in the T’-cuprates. [25, 26] Considering both re-
sults of ARPES without the AF pseudogap and µSR with
a SRMO, it is likely that Cu spins forming a SRMO have
tiny magnetic moments. That is, the reduction anneal-
ing gives rise to not only the change of the long-range
AF order to a SRMO but also the reduction of the mag-
netic moments of Cu spins, which is compatible with the
decrease in Bint in the present result and with the recent
neutron-scattering result in Ce-free T’-Pr1.4La0.6CuO4+δ
that the intensity of the magnetic excitation spectra sig-
nificantly decreases through the reduction annealing. [27]
The observation of a SRMO in the reduced SC sample
of T’-LECO should be compared with the recent ZF-
µSR result by Kojima et al. [28] using a reduced SC thin
film of Ce-free T’-La1.9Y0.1CuO4 that the magnetic state
depends on the depth from the surface of the thin film.
While a disordered magnetic state is observed near the
surface of the thin film, the Cu-spin correlation is rather
developed even in the inside of the film. These results
suggest that the Ce-free superconductivity appears in a
state where the Cu-spin correlation is developed, which
is basically consistent with the present results.
In conclusion, in the T’-cuprates of Ce-free T’-LECO
and Ce-underdoped T’-PLCCO with x = 0.10, the ZF-
and LF-µSR measurements have revealed that a SRMO
is formed at low temperatures. From the estimation of
the volume fractions of the SRMO region from µSR and
the SC region from the specific heat, it has been clarified
that SRMO spatially coexists with the superconductiv-
ity in the reduced SC samples. By using our proposed
band picture based on the strong electron correlation, it
has been suggested that a SRMO is formed around the
residual excess oxygen in the reduced SC samples due to
the localization of carriers and that the superconductiv-
ity appears far from the excess oxygen. Accordingly, a
SRMO brought about with a tiny amount of excess oxy-
gen suggests that the superconductivity in the Ce-free
and Ce-underdoped T’-cuprate occurs under the strong
electron correlation, which is the same as that in the
hole-doped T-cuprates.
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